Background/Aims: The aim of this study was to determine if VSMC ASIC-like currents are regulated by oxidative state. Methods: We used whole-cell patch clamp of isolated mouse cerebral VSMCs to determine if 1) reducing agents, such as DTT and GSH, and 2) inhibition of endogenous oxidase activity from NADPH and Xanthine oxidases potentiate active currents and activate electrically silent currents. Results: Pretreatment with 2 mM DTT or GSH, increased the mean peak amplitude of ASIC-like currents evoked by pH 6.0 from 0.4 ± 0.1 to 14.9 ± 3.6 pA/pF, and from 0.9 ± 0.3 to 11.3 ± 2.4 pA/pF, respectively. Pretreatment with apocynin, a NADPH oxidase inhibitor, mimics the effect of the reducing agents, with the mean peak current amplitude increased from 0.9 ± 0.5 to 7.0 ± 2.6 pA/pF and from 0.5 ± 0.2 to 26.4 ± 6.8 pA/pF by 50 and 200 µM apocynin, respectively. Pretreatment with allopurinol, a xanthine oxidase inhibitor, also potentiates the VSMC ASIC-like activity. Conclusion: These findings suggest that VSMC ASIC-like channels are regulated by oxidative state and may be inhibited by basal endogenous oxidative sources such as NADPH and xanthine oxidase.
Introduction
Acid-sensing ion channels (ASICs) are members of the degenerin (DEG)/Epithelial Na + channel (ENaC) ion channel family [1] [2] [3] 
, and are sensitive to amiloride inhibition. So far, at least 4 ASIC genes (ASIC1, ASIC2, ASIC3, and ASIC4), with 2 splice variants (a, b) for ASIC1 and ASIC2 have been identified. ASIC proteins are predominantly expressed in neurons, glia and sensory epithelia, and may contribute to nociception, acid sensation, learning, proprioception and mechanosensation. Recent studies demonstrate that ASIC proteins are also expressed in vascular smooth muscle cells (VSMCs), and may play a role in regulating 130 vascular tone and chemotactic migration during wound healing [4] [5] [6] [7] [8] [9] .
In a previous study, we showed ASIC-like channels in cerebral VSMCs tend to be electrically silent although the underlying reason is unclear [10] . Recent reports suggest ASIC currents are modulated by oxidationreduction; reducing agents potentiate and oxidizing agents inhibit certain ASIC currents [11] [12] [13] . Since oxidative potential in VSMCs is high due to nicotine amide dinucleotide phosphate (NADPH) oxidases (NOXs) and xanthine oxidase (XOs) activity, we hypothesized that VSMC ASIC-like currents are suppressed in vitro by endogenous oxidation produced by NOX and XO [14] [15] [16] . To address this hypothesis, we first determined if reducing agents dithiothreitol (DTT) and glutathione (GSH) potentiate cerebral VSMC ASIC-like currents. We then determined if inhibition of NOX or XO potentiate ASIC-like currents. Our data suggest that VSMC ASIClike channels are electrically silent due to oxidative stress.
Materials and Methods
All protocols and procedures used in this study were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center.
Preparation of VSMCs
C57BL6 mice (6-12 wk of age, Jackson Laboratory, Bar Harbor, ME) were anesthetized with isoflurane and immediately decapitated. Cerebral arteries were dissected from the brain and collected into an ice-cold cell isolation solution containing (in mM) 140 NaCl, 5 KCl, 0.15 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 5.5 D-glucose, pH 7.4. To isolate VSMCs appropriate for evaluating the effect of reducing agents, we modified our previous cell isolation method by replacing papain, which requires the reducing agent DTT for activation, with protease Type XIV [10] . Briefly, cells were first incubated with 1 mg/ml Protease Type XIV (Sigma-Aldrich, St. Louis, MO) and 2 mg/ml Collagenase Type IV (Worthington) for 5 min, followed by 2 mg/ml Collagenase Type IV for 5 min at room temperature. VSMCs were washed using ice-cold cell isolation solution, and single VSMCs were released by gently triturating the digested vessels with a fire-polished Pasteur pipette. Isolated VSMCs were maintained in low Ca 2+ external solution at 4°C and used within 12 h after isolation.
Patch-clamp recording
For patch-clamp recording, single, elongated VSMCs in low Ca 2+ external solution were plated onto the coverslip of the recording chamber and co-incubated with collagenase (Type IV, 1 mg/ml) for an additional 10-15 min at room temperature. Following cell attachment, the recording chamber was slowly perfused with normal Ca 2+ external solution (0.2 ml/min, for 15-20 min) to gradually raise Ca 2+ concentration to 1.5 mM in the chamber. The entire recording chamber was then continuously perfused with the normal external solution at about 2 ml/min throughout the experiments. Cells were used within 2 h of plating.
Membrane current was recorded using conventional whole cell patch-clamp techniques with an Axopatch 200B amplifier (Axon Instruments) interfaced with a PC through Digidata 1440A digitizer (Axon Instruments) as previously described (10) . Data were sampled at 5 kHz and filtered at 1 kHz using a low-pass Bessel filter. pCLAMP10.0 (Axon Instruments) was used for data acquisition. Patch pipettes were pulled from FLG15 filamentous glass capillaries (Prism, Dagan) using a DMZUniversal Puller (Zeitz Instruments). The resistances of patch pipettes used ranged from 3.0 to 6.0 MΩ. Fast capacitance transients were compensated before forming the whole cell configuration. Series resistances were below 20 MΩ and were not compensated.
Command . Targeted VSMCs were perfused locally using a DAD-12 superfusion system (ALA Scientific Instruments) with control or treatment solutions continuously delivered through a 100 µm quartz capillary. The tip of the capillary was positioned within 300 µm from the targeted cell.
Oxidation-reduction status on ASIC-like currents
After forming whole-cell patch configuration, cells were equilibrated for 3-5 min before being exposed to the first control stimulus of extracellular [ conditions, H + evoked currents are small, ~1-2 pA/pF. To determine the effect of reducing agents on ASIC-like currents, cells were treated with dithiothreitol (DTT, 0.5 and 2 mM) or reduced L-Glutathione (GSH, 0.5 and 2 mM) for 5-6 minutes before the second stimulus of pH 6.0. To determine if the effect of DTT is attributed to its reducing power, cells were treated with the oxidizing agent 5,5'Dithio-Bis(2-Nitrobenzoic Acid) (DTNB, 1 mM) to reverse the action of DTT (1 mM). Cells were preincubated with the ASIC blocker amiloride (100 µM, Sigma Chemicals) for 45s to confirm DTT potentiated currents were generated by ASIC-like channels. To determine the importance of endogenous oxidase activity on ASIC activity, VSMCs were pretreated with NOX inhibitor apocynin (50, 200 µM), and xanthine oxidase inhibitor allopurinol (50, 200 µM) for 5-6 min before the second stimulus of pH 6.0. Since a limited number of reports suggest apocynin may not be specific Chung/Farley/Drummond Cell Physiol Biochem 2011;27:129-138 for NOX, to further examine the role of NOX, we used Rac1 inhibitor NSC23766 (100 µM, Tocris, Ellisville, MO) [17, 18] . For these experiments, NSC23766 was included in the pipette solution, and its effect on ASIC-like currents was evaluated in VSMCs exposed to 1 mM DTT for 1 min. To determine recovery, VSMCs were washed for 5 min with pH 7.4 normal external solution, and then challenged again with extracellular [H + ] (pH 6.0) solution to evoke ASIC-like currents. Except where noted, all reagents were obtained from Sigma Chemicals (St. Louis, MO). All stock solutions were prepared fresh in external bathing solution (pH 7.4), except for allopurinol and amiloride, which were prepared in DMSO (100 mM).
Data analysis
Patch-clamp data were analyzed off-line using Clampfit 10 (Axon Instruments) and SigmaStat (SPSS Inc). Currents were normalized to membrane capacitance of each cell. In neurons or heterologous systems, a typical ASIC current consists of an initial fast transient that is rapidly inactivated and usually transitions smoothly into a smaller, sustained component of current. However, in VSMCs, the sustained component takes on a more stochastic appearance, presumably due to the relatively lower density or activity of the channels. To further characterize the inactivation feature of these channels, we analyzed the accumulated current, or area under curve (AUC) of the current, in addition to the peak current. All data are presented as means ± SE, and n is the number of cells examined. Data were compared using paired t-test, ANOVA, or repeatedmeasures ANOVA with Student-Newman-Keuls post hoc test where appropriate. Statistical difference was considered significant at P < 0.05.
Results

Reducing agents potentiate acid-induced currents in freshly isolated VSMCs
We demonstrated previously that ASIC-like currents could be evoked in freshly isolated cerebral VSMCs by extracellular [H + ] [10] . However, under normal external Ca 2+ , the current amplitudes are low and the percentage of cells responsive small. Thus, the currents appear to be electrically silent. Since reducing agents have been reported to potentiate ASIC currents both in neurons and heterologous expression systems, we determined if reducing agents could potentiate ASIC-like currents in VSMCs [11] [12] [13] . As shown in Fig. 1 12.5 to 37.5%, but did not significantly increase the mean peak amplitude of currents evoked by pH 6.0 (from 0.8 ± 0.4, to 2.3 ± 1.4 pA/pF, n=8, Fig. 1B ). In contrast, 2 mM DTT increased the percentage of responding VSMCs from 0 to 100% and the mean peak amplitude of extracellular [H + ] gated currents from 0.4 ± 0.1 to 14.9 ± 3.6 pA/pF (n=7) (Fig. 1B, right) . The accumulated current (area under curve, AUC) during pH 6.0 exposure was also significantly increased (Fig. 1C) . The effect of DTT potentiation is reversible (Fig. 1B, C) and reproducible within 10 -15 minutes (Fig. 1D, E ] (pH 6.5 and 7.0). We found that DTT pretreatment tended to enhance the magnitude and probability of response to pH 6.5, but not pH 7.0 (n = 4-8) (Fig. 1 F, G and H) . In fact, our findings suggest a reducing environment of some degree is required for [H + ] gating of VSMC ASIC-like channels.
The oxidizing agent DTNB reverses effect of DTT
To determine if the potentiation effect of DTT is attributed to its reducing power, we examined the effect of DTNB, an oxidizing agent, on the DTT potentiated currents. Cells pretreated with 1 mM of DTT for 4 min were subsequently washed with normal external solution with or without 1 mM DTNB for another minute before exposure to pH 6.0. As shown in Fig. 2A and B, the potentiated currents were significantly decreased by DTNB, indicating that the effect of DTT may be reversed by an oxidizing agent. This finding suggests that the potentiation effect of DTT results from its reducing power, and that current activity of the channel may depend on the redox status of the cell.
ASIC channel blockade inhibits DTT potentiated currents
To demonstrate the DTT potentiated currents are mediated by ASIC-like channels, we examined the effect of the broad spectrum ASIC inhibitor amiloride (100 µM) on the currents. As shown in Fig. 3 , amiloride significantly decreaseded the peak and AUC of DTT potentiated currents, suggesting that these currents are susceptible to amiloride inhibition.
Endogenous reducing agent GSH potentiates acid-induced currents
To determine if similar potentiation effects can be observed with intrinsic reducing agents, we used reduced glutathione (GSH, 0.5 and 2 mM) in place of DTT and the same pretreatment protocol. Pretreatment with 0.5 (Fig. 4) . Effects of GSH are also reversible.
Inhibition of NADPH and Xanthine oxidase potentiates acid-induced currents VSMCs
Since VSMCs are reported to have high levels of oxidase enzyme activity, attributed to NOX and XO, we considered the possibility that endogenous oxidase activity suppresses ASIC-like currents in VSMCs. To address this possibility, we pretreated VSMCs with the NOX inhibitor apocynin (50 and 200 µM, Fig. 5 ) using the same protocol as was used in our studies with DTT and GSH. Representative traces are shown in Fig. 5A . Inhibition of NOX with 50 or 200 µM apocynin significantly potentiated extracellular [H + ] gated currents (from 0.9 ± 0.5 to 7.0 ± 2.6 pA/pF, n=14, and from 0.5 ± 0.2 to 26.4 ± 6.8 pA/pF, n=11, respectively) and increased the percentage of responding cells from 7 to 57% and 0 to 100%, respectively.
To further support a role for NOX we evaluated the effect of Rac1 inhibition. Rac1 is a component of the NOX complex. Interaction of Rac1 with guanine nucleotide exchange factor (GEF) is required for NOX activation that can be blocked with NSC23766 [19] [20] [21] [22] Although NOX is a major oxidase enzyme in VSMCs, XO is also reported to be an important source for vascular oxidative stress [15, 23, 24] . To determine the importance of XO on ASIC-like channel activity, we treated cerebral VSMCs with allopurinol, an inhibitor of XO (50, 200 µM, Fig. 7) . Representative traces are shown in ] gated currents from 0.6 ± 0.4 to 22.6 ± 6.8 pA/pF (n=6), and increased the percentage of responding VSMCs from 0 to 100% (Fig 7B) . These findings suggest that activity of endogenous XO may also suppress ASIC like channels in cerebral VSMCs.
Discussion
ASIC channels are a family of inward cation channels that are gated by extracellular [H + ]. The channels were first identified in neurons and sensory epithelia. ASIC channels may play a role in learning and neuronal injury following ischemia [2, 3, 25] . We recently demonstrated that ASIC-like channels are also present in cerebral VSMCs. The role of VSMC ASIC channels is unclear; however, they may play a role in pressureinduced constriction and VSMC migration [4] [5] [6] [7] [8] [9] 14] . In a previous study, we demonstrated that most VSMC ASIClike currents are electrically silent [10] . The goal of the current study was to understand possible mechanism(s) that might lead to the reduced activity of VSMC ASIClike channels.
Reducing agents potentiate ASIC-like currents in cerebral VSMCs
Previous studies demonstrate reducing agents enhance and oxidative agents inhibit ASIC currents in sensory neurons, hippocampal neurons and heterologous expression systems [11] [12] [13] . Since VSMCs are known to have high levels of oxidative potential, we considered the possibility that the oxidation-reduction status might contribute to the suppression of ASIC-like currents in VSMCs. To address this possibility, we evaluated the effect of reducing agents (DTT and GSH) and inhibition of oxidative enzymes (NADPH and xanthine oxidase) on ASIC-like channel activity in freshly isolated mouse cerebral VSMCs. Consistent with previous reports, we found reducing agents not only potentiated [H + ] gated currents, but also increased the probability of eliciting the currents in cerebral VSMCs. The potentiating effect of the reducing agents was reversed by the oxidizing agent DTNB, suggesting that the [H + ] gated current activity is dependent on the redox status of the cell.
The [H + ] gated currents reported in this study share several characteristics with previous reports. First, the currents are evoked by a rapid change in extracellular [H + ]. Second, the response pattern of a rapid transient followed by a smaller sustained current resembles known ASIC currents and ASIC-like currents in VSMCs. Third, the magnitude of potentiated current in VSMCs is also pH dependent. Although the extracellular [H + ] threshold needed to gate the current is similar to our previous report, at each given extracellular [H + ] above threshold, the magnitude of the currents is larger in the presence of DTT [10] . For example, the potentiated current magnitude evoked at pH 6.0 in this study is similar to those evoked at pH 5.0 in our previous report. This apparent shift in pH-current curve suggests the redox status of the cell may affect the affinity of VSMC ASIC channels for H + . Fourth, the currents are inhibited by the broad spectrum ASIC inhibitor amiloride. Thus, the features and behavior of [H + ] gated currents in the current study findings are consistent with previous findings [10] [11] [12] [13] .
Although message and protein for ASIC1a, ASIC1b, ASIC2a, ASIC2b, and ASIC3 are present in cerebral VSMCs, the molecular identity of the VSMC ASIC-like channel is not clear [10] . Similar to sensory neurons, VSMC ASIC-like channels may contain different populations of channels where the ASIC channels may be present as heteromultimers [26] . Although one report suggests reducing agent potentiation of ASIC currents is mediated by ASIC1a, another report demonstrates homomeric channels formed by ASIC1a, ASIC1b, ASIC2a or ASIC3 are sensitive to reducing agents [12, 13] . Thus, our present understanding of ASIC channel sensitivity to reducing agents does not provide insight into the molecular identity of VSMC ASIC-like current.
Possible action of reducing agents on ASIC-like channel
The membrane-impermeable nature of GSH and DTNB suggests that the potential site(s) for redox modulation may be located in the extracellular domain [12] . There are several cysteine residues in the extracellular domain of ASIC channels that are likely targets of the reducing agents. However, an intracellular effect on ASIC trafficking or gating cannot be ruled out since it was demonstrated that the reducing power of GSH may be transduced across the plasma membrane via a thio/disulfide exchange mechanism [27] [28] [29] . Although our data do not provide further insight into the potential site of action of the reducing agents on ASIC-like channels, our data demonstrate that a reducing environment is required to for the channels to be operational in VSMCs.
In the current study, we found lower concentrations of membrane impermeable GSH had a greater potentiation of ASIC-like currents than membrane permeable DTT. Although DTT carries two thiols per molecule and GSH only carries one, the stronger reducing power of DTT did not translate into higher capability in potentiating ASIClike activity. The disproportion between the reducing power and current potentiation suggests that the underlying mechanism may not be simply stochastic, chemical reduction, but may also implicate the involvement of enzymes that use GSH as a cofactor, such as glutaredoxins or thioltransferases [30] . Since GSH is present in cerebral extracellular fluid at 1-2 mM [31, 32] , levels comparable to the concentrations used in the current study, it raises the possibility that ASIC-like channels in cerebral VSMCs may be active under native conditions. However, the rapid desensitization of these channels to extracellular There are several possible explanations. One possibility is that reducing agents may decrease the affinity of amiloride for all VSMC ASIC channels, regardless of molecular identity. Another possibility is that reducing agents may potentate a specific population of channels that happen to have a lower affinity for amiloride [33, 34] . Other studies have not reported the effect of reducing agents on amiloride sensitivity.
Endogenous oxidase activity suppresses ASIClike activity in cerebral VSMCs
While reducing agents potentiate ASIC currents, oxidizing agents, such as H 2 O 2 and DTNB, inhibit ASIC currents [11] [12] [13] . In this study, we demonstrate that the potentiation effect of DTT can be reversed by DTNB. Furthermore, we also demonstrate that inhibition of endogenous oxidases significantly enhanced the frequency of observing extracellular [H + ] gated currents and the current amplitude.
Since cerebral vessels express several NOX isoforms and have high levels of NOX activity, we first examined the importance of NOX on cerebral VSMC ASIC-like channel activity using a broad spectrum NOX inhibitor, apocynin [35] [36] [37] . Apocynin increased the amplitude and probability of eliciting [H + ] gated currents in cerebral VSMCs. Although apocynin is a popular inhibitor of NOX, a few reports suggest it may act as a non-specific antioxidant or inhibit Rho kinase [17, 18] . To provide further evidence of a role for NOX in regulating ASIC-like activity in VSMCs, we evaluated the effect of the Rac1 inhibitor NSC23766 (Fig. 4) . In our study, NSC23766 alone failed to potentiate extracellular [H + ] gated currents (control condition in Fig. 4B, C) . However, NSC23766 did enhance DTT potentiation of ASIC-like currents. Our findings suggest that inhibition of Rac1 alone is not sufficient to achieve a critical level of reduction potential needed to unmask ASIC-like channel activity. Taken together, these findings suggest endogenous NOX Chung/Farley/Drummond Cell Physiol Biochem 2011; 27:129-138 activity may contribute to the low amplitude and probability of ASIC-like currents in cerebral VSMCs.
XO is another major source of oxidative stress in VSMCs [15, 16, 23] . To determine if endogenous XO activity also contributes to the suppression of ASIC-like currents in cerebral VSMCs, we evaluated the effect of allopurinol, a XO inhibitor, on extracellular [H + ] gated currents. XO inhibition also potentiates ASIC-like current in VSMCs. This finding suggests that at least two sources of endogenous oxidative stress (NOX and XO) may contribute to the suppression of ASIC-like activity in VSMCs.
In the current study, we demonstrate reducing agents unmask electrically silent ASIC-like currents in isolated cerebral VSMCs. Furthermore, endogenous NOX and XO activities contribute to the suppression of ASIC-like currents. Since increased oxidative stress has been implicated in hypertension, our findings raise the possibility that suppression of vascular ASIC channel activity may play a role in hypertension. Further studies are required to understand the importance of VSMC ASIC-like channels in hypertension.
